The high O 2 -tolerance of the MBH is surprising because its amino acid sequence (26, 29) suggests a high structural similarity with standard [NiFe] H 2 ases, e.g. the periplasmic H 2 ase (PH) of Desulfovibrio gigas (Fig. 1) . The MBH consists of a large subunit (HoxG) comprising the [NiFe] site and a small subunit (HoxK), which harbours binding sites for three FeS clusters ( Fig. 1) (39) (40) . According to the crystal structures of several [NiFe]-hydrogenases, generally four conserved cysteines in the large subunit are involved in coordinating the active site Ni and Fe atoms (27, 41) . A further common feature of [NiFe] H 2 ases is the ligation of the Fe by two cyanides (CN -) and one CO as observed by FTIR spectroscopy (36, (42) (43) . Apart from these similarities, biochemical, electrochemical, and spectroscopic results (26, 36, (43) (44) (45) suggest that O 2 tolerance of the MBH is related to the structural arrangement of its metal cofactors, rather than to the restricted access of O 2 and CO to the [NiFe] site due to a narrow gas-channel as proposed for H 2 -sensing H 2 ases (12, 26, 46) . Notably, compared to standard H 2 ases, biosynthesis of active MBH requires a significantly larger set of maturation proteins (47) (48) (49) .
Spectroscopic studies on the MBH using EPR and FTIR techniques uncovered several features differing from those of standard enzymes (43) (44) (45) (46) . The so-called Ni-A state, corresponding to oxidized, inactive unready enzyme, was not detectable in wild-type MBH.
For standard H 2 ases residing in the Ni-A state, a (hydro)peroxo species was suggested to occupy the bridging position between Ni and Fe, whereas in the Ni-B state a hydroxide is assigned as bridging ligand (50) . Remarkably, in addition to the absence of Ni-A, a complex EPR spectrum indicates modification of the FeS cluster in the proximal position to the [NiFe] site in the MBH (43) (44) (45) (46) . The structural basis of these modifications needs to be elucidated.
In the present study, the metal centers of the MBH were characterized by an elementspecific technique, namely X-ray absorption spectroscopy (XAS) (51) (52) , by which the coordination environment and redox changes of the protein-bound metal atoms were determined. The spectroscopic features of the MBH are compared to those of the PH standard H 2 ase, for which crystal structures are available (27, 53) . Our results suggest a different structure of the proximal FeS cluster, but a rather similar, although more disordered [NiFe] active site in MBH compared to PH.
MATERIALS AND METHODS
Enzyme purification and sample preparation. Three different MBH protein preparations were used for this study. The most active MBH (mean activity of 14013 U/mg) was isolated from R. eutropha strain HF649, which was grown on fructose-glycerol mineral medium under oxygen-limited conditions (43) (44) 54) . The membrane fraction was prepared under an argon atmosphere and oxidized by the addition of 50 mM K 3 [Fe(CN) 6 ] prior to aerobic solubilisation with Triton X-114. Purification via Strep-Tactin affinity chromatography was carried out in K-PO 4 buffer, pH 7.0. The protein samples were concentrated using Amicon Ultra-15 (PL-30) and Amicon Microcon (YM-30) filtration devices (Millipore) in buffer containing 40 mM K-PO 4 , pH 5.5, 150 mM NaCl, 20 % glycerol. MBH mutant protein (HoxK Cys19/120Gly) was prepared as previously described (54) and concentrated as shown above (pH 5.5, ~86 U/mg). Less active MBH protein (mean activity of 604 U/mg) was purified as described previously (26, 43) and concentrated under aerobic conditions, and the purified protein was finally stored in 50 mM K-PO 4 buffer at pH 8.0. All preparations lacked the membrane-integral cytochrome-b that serves as primary electron acceptor. Protein concentrations were determined by the Bradford method (55) with bovine serum albumin as a standard. Purity of samples was examined by SDS-PAGE. H 2 ase activity was determined photometrically (26, 40) in 50 mM K-PO 4 buffer at pH 5.5 using the artificial electron acceptor methylene blue. For treatments in the presence of H 2 , concentrated protein solutions (~30 µL) were enclosed in gas-tight reaction vessels, the atmosphere was exchanged by repeated degassing (23) , and solutions were incubated under a gentle stream of moistured gas for 10-45 min at ~20 °C. The final MBH protein concentrations in the samples were 0.5-0.8 mM. PH protein from D. gigas was prepared and concentrated under aerobic conditions and protein concentrations were determined as described before (56) . Activation of PH was performed upon incubating Eppendorf reaction vessels containing concentrated protein (~30 µl) in repeatedly degassed buffer at 35 °C under pure H 2 for 90-180 min.
Reduction of PH was achieved by incubation with Na-dithionite (10 mM) for 20 min. Final PH concentrations were 0.7-1.0 mM. Immediately after the treatments, ~20 µl of protein samples were transferred under argon atmosphere to Kapton-covered sample holders for XAS and EPR measurements, rapidly frozen, and stored in liquid nitrogen until use.
Metal content quantification. The metal content in H 2 ase proteins was determined by total-reflection X-ray fluorescence detection (TXRF) (57) on a PicoFox instrument (Bruker).
Ni and Fe concentrations were determined using the built-in spectrometer functions relative to a gallium standard (Sigma), which had been added prior to the measurements to the protein solutions.
FTIR spectroscopy. Infrared spectroscopy was carried out on a Bruker TENSOR 27 spectrometer as described before (43) with aliquots of the protein samples used for XAS.
X-ray absorption spectroscopy (XAS)
. XAS measurements were performed at beamline D2 of the EMBL outstation (at HASYLAB, DESY, Hamburg, Germany) and at beamline KMC-1 of BESSY (Helmholtz-Zentrum Berlin). K  fluorescence-detected XAS spectra at the Ni and Fe K-edges were collected for samples held in liquid-helium cryostats at 20 K with energy-resolving 13-element Ge detectors (Canberra) (58) (59) . Fe spectra were recorded for a monochromator scan range of 7000-8200 eV. For Ni, in an extended-range approach (60), the scan range was 8200-9200 eV. XAS spectra were averaged (5-12 scans) after energy calibration of each scan by the Bragg-reflection method (61) or using the spectrum of a Ni metal foil as an energy standard, normalized, and EXAFS oscillations were extracted (52).
The energy scale of EXAFS spectra was converted to a wavevector (k) scale using E 0 values of 8333 eV (Ni) and 7112 eV (Fe) E 0 refined to ~7120 eV (Fe) and ~8336 eV (Ni) in the simulations. Unfiltered k 3 -weighted spectra were used for least-squares curve-fitting and functions from the TURBOMOLE library (ftp://ftp.chemie.uni-karlsruhe.de/pub/basen) and a dielectric constant of ε = 4 in a COSMO solvation model (70, 71) .
RESULTS
The FeS clusters studied by XAS at the iron K-edge. By Fe-XAS we compared the properties of FeS clusters in the R. eutropha MBH with those of the D. gigas PH (Fig. 2 ). In the XANES spectrum of oxidized MBH, the primary maximum at ~7129 eV was larger, the edge energy at 50 % level was by ~0.6 eV higher (7118.2 eV), and the energy of the pre-edge feature due to 1s3d electronic transitions was by ~0.4 eV higher (7112.1 eV), compared to the respective parameters of the PH spectrum (Fig. 2C ). These differences suggest alterations in the average iron coordination and an overall higher content of oxidized Fe ions in the MBH. In H 2 -reduced MBH, the edge and pre-edge feature were shifted by ~0.9 eV and ~0.6 eV to lower energies (7117.3 eV and 7111.5 eV), indicating significant Fe reduction in this sample (Fig. 2C) . EXAFS analysis was employed to study the structure of the Fe sites (Fig. 2) . The
Fourier-transforms (FTs) of the respective EXAFS spectra of oxidized MBH and PH were dominated by FeS cluster contributions, exhibiting two distinct FT peaks related to Fe-S (I) and Fe-Fe (II) distances (21, 58) . For the oxidized MBH, both FT-peak amplitudes were largely diminished, suggesting an overall structure of the FeS clusters different from that in the PH. For H 2 -reduced MBH, an increase of FT peak I was observed. However peak II again was much smaller than for the PH ( Fig. 2A) For the first-sphere iron coordination in MBH, an apparent number of Fe-S bonds was obtained that was also too low to account for the four sulfurs ligating the Fe ions in conventional FeS clusters (Table 1-III,IV) . However, the number of iron interactions with light scatterers due to the Fe-C(=O/N)/O bonds at the active-site iron was similar for MBH and PH, and thus there was no evidence for oxidatively modified FeS clusters in the MBH. A more elaborated EXAFS simulation approach included two Fe-S and Fe-Fe shells. This approach revealed additional longer iron-sulfur bonds of ~2.6 Å and thus a total N Fe-S closer to the expected value of ~4, and an improved fit quality. Furthermore, also the N Fe-Fe value was increased to close to 2 (Table 1- , a significantly increased oxygen-sensitivity has been reported previously (54) . Table 2 ). The Ni-A state was not detected in any of the studied MBH samples, which is consistent with previous observations (43, 45, 54) . In H 2 -reduced MBH, the Ni-SR states were dominant (~80 %). The
Ni ia -S inactive state with a Ni(II) (43, 54) was the main species (~70 %) observed in aerobically purified MBH at pH 8.0. An increased Ni ia -S population was also found in a sample of highly active, H 2 -reduced MBH that was re-oxidized by exposure to air after XAS data collection and subsequent thawing ( Table 2 ).
The coordination environment and oxidation state of the Ni atom as a crucial constituent of the active site was studied by XAS at the Ni K-edge. XANES spectra of the PH in the Ni-A and the MBH in the Ni-B state revealed a similar edge energy, in agreement with the presence of Ni(III) in both species (Fig. 3) . The edge shapes were typical for a dominant sulfur-coordination of the Ni (82), i.e. by the thiolates of four cysteines residues. The two enzymes showed only minor differences, suggesting a quite similar first-sphere Nicoordination. A PH sample with a preferential Ni-C content exhibited a decreased secondary edge maximum at ~8360 eV, likely due to the replacement of the Ni-Fe bridging oxygen species by a hydride (82) (83) (84) . Interestingly, the slightly higher edge energy implied an even more oxidized Ni ion in the Ni-C state compared to Ni-A. Decreased secondary edge maxima also were observed for MBH and PH in the Ni-SR state(s). Due to near-quantitative Ni(II) formation, the corresponding edge energies were around 0.5 eV lower than in the oxidized samples ( Fig. 3 ). In the oxidized MBH at pH 8.0, a pronounced increase of the primary edge maximum at ~8350 eV suggested additional terminal oxygen ligands at the Ni(II) (23, 58, 82, 85) in the Ni ia -S state and therefore a substantially different site structure compared to Ni-B.
Applying EXAFS analysis, the bond lengths and numbers of ligands at the Ni ion were determined (Fig. 4) . The Fourier-transform (FT) of the EXAFS spectrum (Fig. 4A ) of the PH in the Ni-A state revealed two main peaks due to Ni-oxygen and Ni-sulfur bonds. Features at higher distances reflected contributions from the Ni-Fe vector (23, 60) . The best-fit parameters (Table 3 -I) showed that the Ni-A spectrum was completely described by close to one short Ni-oxygen distance, four Ni-sulfur bonds from the cysteines at the active site, and a Ni-Fe distance of 2.75 Å, all of which are similar to those found in crystal structures (50, 53) .
The short bond length of 1.85 Å suggested that the O-atom was in a Ni-Fe bridging position (83) . Further O-atoms in the first coordination sphere of Ni were not detected. This rather excludes the presence of sulfenates (oxidized cysteines, CysSO) bound via their O-atom to Ni, which have been found in several crystal structures of oxidized Desulfovibrio H 2 ases (86-88).
Also the second O-atom of a (hydro)peroxide ligand, i.e. at ~2.2 Å to Ni, could not be observed. In the Ni-C sample of the PH (Fig. 4A , Table 3 The EXAFS spectrum of H 2 -reduced MBH was very similar to that of Na-dithionitereduced PH (Fig. 4) . The respective simulations revealed a similar Ni coordination in both samples and, in particular, the apparent absence of Ni-bound oxygen. The Ni-Fe distance was shortened by ~0.15 Å (Table 3 -V) and thereby became better discernable in the FT spectra (Fig. 4B) . The largely decreased 2 2 value of the Ni-sulfur interactions indicated a homogenization of the corresponding bond lengths in the MBH in the Ni-SR state. However, the overall Ni-sulfur and Ni-Fe distances remained slightly longer than in the PH.
The FT of the EXAFS spectrum of the MBH preparation preferentially in the in Ni ia -S state (pH 8.0) revealed largely diminished amplitudes, a shift of the main peak to larger distances, and a smaller peak feature due to short Ni-oxygen bonds compared to Ni-B ( Table S1 ). Modified FeS clusters were also observed in crystal structures of standard H 2 ases, but mainly attributed to protein damage due to crystallization and/or X-ray induced modifications during data collection (93) (94) . The presence of a special cluster also in the most native, membrane-containing preparation (43) , the absence of X-ray induced damage under our XAS conditions, and similar Fe-XAS data for various protein samples argue against unspecific FeS cluster modifications in the MBH. Furthermore, the MBH variant lacking the additional cysteines (54) reveals an iron coordination pattern more similar, although not fully identical to that of the PH. Therefore, the data suggest a more cubane-like structure of the proximal cluster. This mutant enzyme exhibited a higher sensitivity to O 2 -inhibition (54), which correlates the presence of the two cysteines directly with the O 2 -tolerance of the MBH (46, 54) . Therefore, we propose that a structurally modified proximal FeS cluster is a native and functionally important feature of the MBH. This interpretation would be even more interesting, if the Ni-A state does not comprise a bridging peroxidic species, but rather a hydroxide (see below). Thus, a direct comparison of the Ni-B state of standard H 2 ases with that of MBH by XAS would be appropriate. However, PH samples residing exclusively in the Ni-B state have not been purified yet, most probably due to overlapping redox potential windows for Ni-B and other states (75, (96) (97) .
In agreement with previous findings (43, 45, 54) , the inactive Ni-A state was not detected in any of the studied MBH samples, but Ni-A was the main species in the oxidized PH. Remarkably, the second oxygen atom of a bridging (hydro)peroxide (OOH -) proposed for Ni-A was not detectable by Ni-XAS, meaning that it was either absent or at a larger distance to Ni (Fig. 5B) than the ~2.2 Å derived from crystal structures of standard H 2 ases (50, 87) . A second O-atom could also be located on a terminal sulfenate group (SI-1).
MBH protein that was anaerobically oxidized prior to aerobic purification revealed the Ni-B state as the dominant site species. However, if this preparation was reduced with H 2 and subsequently reoxidized with air (45, 54) , considerable amounts of the oxidatively modified Ni II ia -S species were found (Fig. 5B) . A similar observation was made for MBH samples that Table 2 . N i , coordination number; R i , Ni-backscatterer distance; 2 (53) and of the membrane-bound type (MBH) from R. eutropha (25, 31) . Two CN -and one CO at the active site iron were inferred by FTIR (43) . The enzyme preparations lacked the membrane and the cytochrome-b subunit with its two heme groups in the case of MBH and the cytochrome-c in the case of PH. FeS denotes a modified proximal cluster in the MBH. with parameters in Table 3 . All spectra are displayed on the same scale. 
